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Tlio purpo3e of thia study was to bc^?;in an investigation of the 
pressure drop in flow through holicGi coils <> In general, the proced- 
ure followed was to define the govorainr poraraetera and then to isolate 
the effect of each on the pressure drop. The pressure drop was assa^oed 
to depend U’^on the length of the tube, the inside diagnotor of the tube, 
the dianotor of the helix, the rouL:?mesa of the inside of the tube, 
and Reynolds nunber. Tariation of pressure drop witli change in diam- 
eter of the tube was not investigated. Rive different lengths of 
plastic tubing were tested separately on five helices of different dien- 
eters at Reynolds nombors from 3*00C) to 100,000 to study the effects of 
length and helix dianiotcr. T;7elve steel coils of different inside rough- 
nesses wore tested over the Baroe Reynolds number range to obtain the 
effect of roughness on pressure drop. 

The results of the investigation indicated that pressure drop 
in 6 helical coil is linearly dependent on length, is only slightly 
affected by roughness, and is a function of both /’oynolds and 

dlemeter of helix as indicated in the attached curveso These conclusions, 
of course, hold only for the limited field covered by the investigation. 
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The use of regenerative cooling in rocket motors has emohasised 
the lack of experiinental date concerning the pressure drop in helical 
coils. All standard texts in Fluid ijechanios deal at length i?ith 
pressure drop through straight conduits and pressure drop for flow 
around bends, existing data on flow aroand bonds» however, nor- 

mally covers only bonds up to JO degrees and pipe sizes • nny ti}:nes 
the diaTietor of the tubing for wl ich information is desired in con- 
nection with roclret cooling. 

The present investigation was undertal-con as the begins ng of the 
detailed collection of infomation conoorning the pressure drop in 
helical coils in the hope of providing a concrete basis upon which 
the design engineer could :ma]ce intelligent estimates of the pressure 
losses. 

/ua attempt was made to isolate all the variables involved in 
order to discover quantitatively the factors contributing to the 
increase in pressure drop in a helical coil over that in a straight 



tube 
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In this inTesti^jation It vaa. assumed th?.t the pressure drop 
in a helical coil wag so-^.e function depending on the length of the 
tuboi I, the inside dianot«r of the tube* d^, tho dianeter of the 
helix* y^t the inside roughness* r* and the Heynolds nunber* Re. 

Tlie first series of tests vas designed to investigate the 
effects of roughness on pressure dro'o in a helical coil. To this 
end* twelve ten foot lentgths of stainless steel tubing* one h-lf 
inch nominal outside dia.meter* were sandblasted to various inside 
roughnesses. Those tubes were tested straight end then bent into 
helices of the same diameter and tested at various Reynolds nurabers. 
(3ee Table I for test configurations). In this manner all of tho 
variables with the exception of r’and He were held as constant as 
the fabrication technique would allow. As indicated in T.>bls I there 
was some variation in d^ because of the fpct thp.t the tubes were out 
of stock and not machined* and some variation in because of the 
springbuck in the helices after they wore bent. 

The tubes were sandblasted by ^The Sandblaster *s Studio'* of 
Los Angeles. A 3 "*'ecial nozzle was designed by this company for a 
hose snail enough to fit inside the steel tubing. The hose was in- 
serted throng the steel tube and then ^^tlvira^m at a steady rate 
durirvg the blasting 07 )er^tion. The direction of withdrawal was than 
reversed in order to make the roughness as uniform as possible 
throughout the length of the tubing. :)ifforent size grit was used 
for different roughnesies. It es desired to vary the roughness 
bst^^ 0 en the tubes as uniforily as possible from 10 to 100 nicrolnches. 
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'The values obtained© as raeesured on a profilaneter, are listed in 
Table !« The distribution was not very uniform; however, it was de- 
cided to test the specimens anjn7ay, inasmich as there v^as an ap- 
preciable rou^hnoss spread betrson the smoothest and rou£heot tube. 

The technique for bending the steel tubing into helices \7B3 
as follows. The inner surface of the tubing was coated with light 
mschino oil and the entire tube nan heated In boiling irater. Jhe 
tube was then filled with a r.iolten, low-boiling point natal, “lorro- 
saf‘3*’, nhilo still in th.o hoating bath. ATter the tube cooled, It 
was formed b./ hand into a helix, using a cylinder of the desired 
diameter for the coiling process. The helix was then Gi*:ptiod of the 
Gerrosofe by heating with a blowtorch. Remnants of the lerrosafe 
were tlien further removed by a steam jet. 'Ihe tubes were weighed 
before and after the coiling operation to insure that no particles 
of Gerrosofe remined in the helices. There were no evidences of 
residual Corrosafe. 

The second not of tests was designed to hole roughness constant 
and to vary the remaining parametors. 7or those tests e lastio 
tubing called ^Jescolite*^ was chosG’^ . This tubinp had a nominal 
one-half inch outside diameter and about a 0.G5 inch V7nll thick- 
ness. By using the sa'B piece of tubing for the racalning tests 
the roughness and inside diameter of the tubirg were hold oonstmot w!.iie 
length, diameter of Jielix, and Reynolds number were varied, "or the 
purpose of varying helix diaineter, five woode:* mandrels were con- 
stmicted of different diameters, eac! having a one-half inch wide 
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by one-half inch deep helix cut into than. IJ. r’Arenty-five 

runs were m?jde usin^ the five helix di^jnatere and five different 
lengths • (3ee Table II for test confi^^ration^} • 

Before the Joscolite was accepted for use it was atatica3,iy 
tested to deteinine to viu\t extent it would expand under pre jsure. 
ihio was quite an iniportrnt consideration whon it is remembered that 
presgure loss in a straight conduit is inversely proportional to the 
product of the hydraulic dlrjnetor and the squ^^ro of the cross sectional 
area. The tubing was wound in an unsupported helix of four inches 
diameter and then statically tested w to a pressure of 200 ].s.i. 

ith tno presiure t 126 , .s.i. or less the expansion was negligible. 

The naxinun static pressure during the runs was 120 .s.i. at the up- 

stroa. end of the tubing. To investigate the distortion in the shape 
of the tubing due to winding* the ratio of tho major and minor aiccg 
(aosuniag the tube to be in tho shape of an ellipse) was recorded v;ith 
no presouro on the four inch helix. This r^tio was found to be 1.10. 
Using this ratio* the error between hydraulic radius of the ellipse 
aiid rrdius of a circle of equal .erimoter ;/ g corn*'uted to oe only 
four tenths of one per cent. Vit i pressure in the Jescolite and with 
the tubing 'ground in the holical grooves this error should be sve.. less. 
7n\x^ tae lastic tubin,g vas considered to be circulaj: in cro3:i section 
and rigid in dimensions throughout tas tests. 

The inside diameter of the pl-stic tubiag was measured 1^ neuauring 
tne outside diameter of a of aluminum rod m-.chined to fit snugly 

in the Jescolite. This dimension was' cheched at both ends of the tubing 
after each cut was a de iid did not vai^» throughout the tests. 



•3«> 

PROC;DU:i:: 



Thci teat aetup io oho^m anhenatioally in Fig. 2, while 
photo;'^raphs of the Gquipi->^nt are ahown in "’i,'^8o 3* k* Bnd 3* 
v'^tnndard eqiiiprjcnt wao uocd v/ith tho exceotion of the tost sped-* 
neno and tho wooden holicoo proTioiicl’’ described. ‘?he test fluid 
wca v/atcr. 

In fpaorel, the tost prooGdurc was as followoj (1) ^^atablioh 
a floiT rate, (2) : oa3ure and record a differenjial pressure, (3) 
3ir.iultanoousl5'" obtain floTjy rate by r/oighinc a ness of water during 
a specific time interval, (4) iasesure and record teri»p(o ature of 
water. From these recorded data and spcciaaen diiaensions, the quan- 
tities Re end f^ were calc’uleted* 

Three methods of pressure measurement were used to obtain max- 
ima accuracy over all rar^es of press^jsre drop. The first pressure 
moasurenents at low flow rates were made on a ten foot water man- 
ameter. tfensurer^ents wore then shifted to a ten foot mercury man- 
exaster. At high rates of flow, above the range of tho two manometers, 
two pressure gauges were us-^d. In all runs, overlap-^ing readings of 
the proosure noaouring devices wore made to insure continuity in the 
data whoa a shift of inctruroont was made. In all cases the vagreo- 
meat at the shift point was excellent. 

The test procedure v/as designed to furnish a curve of friction 
factor, f , versus ho for a straight section of test tubinp; which 
could be conparod with a curve of f^ versus Re for the corresponding 



coiled tube 



In both the steel end tho plastic tests it ras donired to 
i sola to the proosuTG drop tiaroush the coiled portion of the tost 
specimons In order t3 obtain £p:catGr acouracy in the conparison 
of ronults. This reqxlrod the subtraction of the prossura drop 
in tho otralr;ht sections of tubing lending in and out of tho coil 
froii the total prossiire drop cieasured. .^or oach steel speci.'*en and 
for the sin^^le plastic speoizisn a one foot stralfjht lon{:th yas 
tested and cuttgo obtained of pressure drop versos loass flor rate® 
In every helical configuration, both steel and plastic, sis inch 
leads were allowed at each end of the coil for connection to the 
pressure taps. In the calculations, the pressure drop of the one 
foot length was subtracted from the total raeasurGd pressure drop 
of the corresponding helical specimsn for the sane inass flor; rate. 
In subsequent calc Jilations, a now length was used, one foot shorter 
them the original tap to tap length. In this rianner» the end of- 
fects of loads and tans wore re-coved. Tliis neth’Od is not ontiroly 
accurate because the flow patten in the tested one foot lengths 
was probably not tho sane as tho flow pattern in the leads d’iring 
the helical tests. Jbwever, the ruognitude of the correction was 
small conpared to t' © overall pressure drop and thus the resultant 
error would be negligible o 

Zach steel saraple was run straight before it was coiled, to 
get the correspondi.ng straight pipo curve. Inasmuch as the aonie 






piece of plastic var:, used in all tho plrct.ic runs, only t;7o cai- 
porinon ri\n3 were niado r;ith the pla stic straif;ht* One was ."nade nt 
the be£;inning and the other after the first roduction in length* 
The/ checked within one per cent# 
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The direct respite of the investigation are values of fric- 
tion factor versos KejTiolda number* For the steel tubing, tabu- 
lated results are found in Tables III to /III inclusive* Plotted 
results for the steel arc found in Figs* 6 - 9 * For the plastic 
test specin^ns, tabulated data appears in Tables I ^ to .rv inclusive. 
Figs. 10-19 sl ot/ the plotted results for the plastic tubing* 

The folloning diracnsionless paranetoro are used in the discussion 
of the results* 

- Ratio of friction, factor for coiled cpocinien 



to that of ear}© speoinen run strrdght 



Dj-/d^ - Ratio of helix diameter to tubo diameter 
L/d^ - Ratio of length of tube to tube diameter 
r/d^ - Ratio of roughness (microinohes) to tube 



dlarceter 



Re 



-Reynolds number 



The Darcy equation, shoTO below, was used to calculate f* 




2 



p 

/I p - pressure drop, Ibs/ft 



f 



frictio’" factor, dir:xjnsionlo 







V 



ratio of to diameter of tube 
mass density of fluid, slugs/eu.ft. 
volocity, ft/sec* 



^hore a so’ g cuocition as to v'hethor the narfoer of turn::; in 



tho heI5.cal coil r.houlu h. ve hGcn used no one of the r^iM^etero 
of the discarjion, hut it vas felt tli t the Uf>e of L/d^ and ^V/d^ 
vao nor»3 logical nd ccnveiiient in .srruch r -,3 the fornor }.^z'':ipter 
api eai'G dlrootly in the >^ rci. e^jiUiticn. dote, hO’;cvei, th. t -;hen 
.-nd are givoii, the nunhor of turn's is defined. 

.eferanceo ai'e nido throtighout the report to enrroa of f vrroiio 
3 , for different x^clative rou^-lmeo :.es, puhliahod "by oodv ( .lof, 1\ 
In this hvrk foody ^lufiae-j roi vtivo roughnoos as ^/d^ ‘.’here ^ io 
a lengtli proportioned to t.ie Internal roo^^hnesi of the ri^,j. he 
taeii correlateo thio ratio './ItJi lifferont ty* oo of con- ric-.I gr-ula 
pi. os. la this investig'tlon tho question of the roiqtion bet 'oen 
r/di j*JXd 6 /d|. i^rises. ’/lien the jteel z n- les ^nd tho :>! • tic tubing 
were tested 3tr::-.iglit j it v;r.s found tl^ t their curves of f versus he 
coincided very closely vith .'.ood;/^c curvec for a straight i;,.c '/here 
r/d|. set equ.^1 to ^/d^. This f^ct g used as ju-tlfic tion for 
rel tin<p’ oovly*s re /alt- to rs.-udts oot iaed i:i ti.is stud/* 

d:.i 8:-.c’i cur%"o of f versus foi’ oot’i tlie ste d anl the lastic 
tuhirv^, there appears a lot of h^ versus ho. - ecu ri. ti:n of these 
curves is s'^ovn for the steel in Fig. "0, £xid fer tho drastic in 
hig. 3.1. 

her the plastic tubin^% croosplots of versus h/d.^. .p .ec.r in 
figs. . d» raid 33 for l.e^Tiolds nu fours of 8 , 000 , • , 

6o,000 roapectivoiv, Croasplots of h« versus ,n:/3c.r for tho 

plastic in 36 pjid 27 for the Ile^uiolds numbers inlic-:t;^d. 1 

corn>il:dion cf the curves fron Figs. 36 end 27 apparr in ^ig. 28. 






In evaluatin,': the results of this investigation no attempt 
^as made to express any of the variations in analytic fom. I'he 
relationship of nltli either Ko or Djj seeir^d to folia?/ no simple 
lo?r» 



7ig. 20 is a plot of versus .lo for representativo values 
of steel coils. ’ig. 21 s’^orrs a croosplot of h^ 

versus r/d. for fixed values of le. 'loto that in these cros3p_ots 

u 

and in oubse'ioont ones, the plotted points are used to identify the 

source of data and not to inriceto experimental points. 

A study of ?ig. 21 indicates that s'-' or?s very little do- 

pendonco on r/d over the range of relative roughnesses covered in 
t 

this report. No definite stsatoment can be roads concorning the trend 
of the variation because of tho scatter of the points, i'he smoothness 
of tho curves through the original eiperiiDental points justifies the 
belief that the random nature of the points was not caused by errors 
in pressure neasorinj tcclmnique. It is felt that the nimloss dis- 
tribution was caosed oy Ignorance of the overall physical character- 
istics of tho steel test GpeGi:.y>ns. Although extreme care was taten 
in noasurirg': the cUnmeters of the tubirvu tho measurar^nto oo’uld 
naturally only be tnhc* st the ends of tho tubos and no account could 
bo made of the variatior' cilon/^ the lenrtho Sinilorly, the 

profilametor roug! near re dings were taken on samples cut off the onds 
of tho spGCinoiis a:*:! ' od to ho tn-:en ca represont^.tive of tho entire 

tube. The feet that the of with r/i. was sn^ll caii be 
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sooewhat ju^3tifiGd by noting that for similar ranges of .c and rel- 
ative roughnesses, ^k>ody obtained only slight differences of friction 
factor from that of a amooth straight pipe. It most be borne in 
mind that the small variation obtained apylies only to the narrow 
limits of this investigation* /igein loolcing at AV.'Oody*s curves, 
and asGuming that the overall behaviour of the coiled tubes be 

generally similar, it can be expected that, for higher values of 
relative roughness or higher valur^s of Re, the effect of relative 
roughness on the pressure drop will be rrvore pronounced* 

The use of the plastic tubing in the investigation was very 
offeotivo in cutting down the number of parameters upon which th^ 
proosuro loss depended* By using the seria piece of tubing for the 
runs involving different helix diameters arid different lengths, tho 
factors of relative roughness and tube dinraster wore hold constant* 
Tho effects of tho romoining three parameters, L/d^, and .le, 

could then be easily separated* 

Rig* 22 shoe's the variation of with Re for the plastic coils* 
A very distinct minimum was recorded in every case in the Re range 
between 7^000 and 11,000* There ep peers to bo no obvious explanation 
for this phenoaenono 

Rigs* 23 9 24 t and 23 indicate the variation of h^ with 

The results confirm what might have been suspected; that is, there 

is no variation of h for different lengths of tho same tubing* 
c 

This linearity of pressure drop with length is the same as is found 
in GtraigJit pipe theory and experiment* l^iis conclusion nig^it bo 
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expected to hold for higher reluos of than uoed in this stady# 



involve a fraction of a turn. It is reasonable to asa cie t!rt, 
after a secondary flow has been eotnblishad in a unifon^ii;" coiled 
tube* it 7;ill continue unchanged and that the pressure lose niil be 
linear iTith length. Ilov^evcr, tho iTCChanicrn of establisMu*^ the 
floT7 in the first turn or turns In unlznoTm and tho probabllit.r of 
a variation of v/lf'i l/d^ in tho loror range n^;at be conridcrcc^.. 

Tliore was a definite lirnitction to the loner value of L/d^ in this 
exporlnent. This was brought ab by the toc^Lnlcyao of rc"iovin'~ the 
end effects as previously described. *.s t^o length of t'-e *:uhLng 
was decreased, the correction factor becane a (roster ml gro'^ter 
percentage of the total pressure drop, thus decreasing the occoracy 
of the results* A nore refined technique for the test spec- 

imen itself for static pressure noasiuro cent might silo, 7 on investi- 
gation of the distance required for secondary flow devolor^nent . 

ThiS secondary flov7 referred to above be described as folio *^0. 
Consider the cross section of a coiled tube. 
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tho nkotc..» po^riD ^ in incide of tor.i axu- point 
-.G tho ouooidG of t’ic t\xrn* Jdio volo-nity of the f laid nt iK^jio.ts 
‘’C"‘ and ^3' is lower t win the volocity nt x)int )** bocau o of tho 
friction of the wallo of tho tube. jQoaurKD tho /olocitioa ia t.^o 
center oection "OD^ exo hichor tV.un thooe in t'uo rGf;ioi \3 '•'x^O i\nd 
“H3'S the contrifu^^ai force and thuc the preooure in region J..> 
is hinhor and tho fluid tends to ta:o ap e spiral ,jtion fro . 
towards and ^3*®* By continuity it then continues to -h'^ aud 

back up the center, fhis spiral flow is o^perLaposed on the axial 
flowo 

figs. 26 end 2? shon the resa^ts of vs. vai^io^os 

Reynolds aaibors. Bore again, crossplot points indicate the so^xrco 
of tho data rad not experimental points. 3ie curves indicr.ting 
tho variation v/ore drcr;/n through tho lueon of the points, inose 

O'orves v;ore collected in fir* 23 to a.crj their relative positions 
r.oro clearly, '-'or further clarity in amphasising both tho mininnn 
with respect to f-e and tho obsorvod irrioction with respect to 

tliroo dimensional plot of va. a .ov;n in 

Tig. 29* Tho widost vau’ia1;io:i of tlio points in 7igs. 2o rad 2? ap- 
peared at r\Q 3»000. This might be expected because of the lorn flow 
rates used to obtain this 3b Tho values of A p corresponding to 
the low flow rates wore thensolves so aosli that an error i.a reading 
the mancootor would be a nuch> higher percentage of the total 
would bo the case at a higlaer flow rate. 



?3 Gio"‘^3 net onir t];o ^owil beforo ’-■LVi roapect 

>D la, but also ir/Mcr.tes an infloctio: of X7if rospoct to 
iida iaflect;.on la n-)t evidont in the curves correspon^^in'^ to loy- 
olda nanbara of sind '3,000, but la -,uite clour in tho curves 

dre^n for lo IfuOOO a.nd hi, nor. ‘^he inflection occura at n va^uo 
of Dr/d of about 22.5» lu^.hes and lofford, (lof. 2, n. ?3ij, 
quote soTJO ran Alta fro.;: exparirrionta by Orightnoro, (lof. 3)i in 
ivMch Luf lect.lo^a r/it)^ roaTx:ct to 33; ^>’oro fo'n'j, but nt different 
VG.'VioG of D,yd.^. riri-''’ t iorc *r or.norLa>euta wero PiOdo vith elba.vO 

i.1 V 

inatoad of full coils. It _a iutcrootlr^': to note thnt 23, 

for ;3oynolda nuubero of 1J,000 and above, there i.a urectic-^lly no 
varlnlLon af >7lti vrlvvoa fra' :?'.0 to 23.3. 

In ^i; . 3'3 a conpariaon in ir.ndo l)Oteecn r pl''^atic C'^il and two 
Steel coils t?; ose conf igurations 'i';ere *,oct nearly ^'he Grune ?s ttje 
plnstlc ceil, '.ho ano.nalous ren dt rollo':?ed that there vas a greater 
'^roeDuro drop in the plastic coil than in the steel coll, the latter 
ass’nod to bo the rougher, f posaiblo exnlanatio^’, di30us.acd prev- 
iously • * th rever'd to the variatior of with r/d^, ni.^ht lie in 
t>:e fact that the ni^nsionn of the steel tubin^ ware not 'mown 
exactly and th^t the plastic tubing was more unifor- in its physical 
properties than the stool. Th^ ogreenont botv/con the plastic end 
the stool Tfr-3 witbi^ ten nor cent. The incensistone:/ seen in '"'ip. 3^ 
ror^lod t7.H1x the ocatto'" of in fi^. 21 oooun to indierte that 

roprovducibllity of res .Its with tl o stninloss steel tubirvy techndruo 
is poor. On the ot'.or ha:vi, all of t!ie results in ti.ls oxp<orir^nt 
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U3inc the piaotio tubing are q.uite ojnsistont. This fact f-urther 
justifioo the use of the plastic tubing in the se to a t s • 

2t must bo reiiauborod thnt this nt;Jidy covered only a United 
fioldt and thus it is difficult to extend any of the concluslona 
which wore reached* TuiOi of course* soggosts frjrther invostlgn- 
tlon over a wider range of the indepondont pera^otors. wf'or v’.tal 
concerns of the rocket ootor dooigner ere tho quontions of proGSiUi'e 
drop in coils of varying which would bo found around tho 

throat of a rocket* and presoure drop in helical coils *'?.\ose cross 
GGCtion ie not oirculer* 



bho conclusions 



CO^ w. -/o.I Ot iu 

.lecallin^ that h^= p -/d^e o « • 

roachod in thia invcotic-i^on arc onuvioratod bolcr . \n oac!* oeso 
v/hore h. is considorod as a function oT one of the vnrlcbleo, it 

U 

is iapiied that the other v-risblos are hold conabmt. 

1. Tarios only slir>htly \7ith r/d4^ ovor the of r/d^ 

frail 0» 00003 to Oo 00030. and follows no consistent trend a 

2e h is independent of L/d+ OTer tho range of i/d^. from /7*3 

0 w w 

to 620. 0. 

3« h is dependent on 'ie over the ran^e of 3* ^^3 to 100,000 
c 

and has a niininum between the 'oynolds nmbero of 7.000 and 11, 000 « 
Tlie position of the .rxinLmixii :novso from the lov;cr to the higher v^oluo 
of ilo as D.yd. dooroasos fry jlo3 to 10 .3 . 

U 

4* h^ is do pendent on as fro. latter paranotor varies 

fron 10.3 to 31 *3 9 doCTOQS'.np gonorally as DVd Increases, '^or 

* * t 

values of fJe of 13.^00 and above, however, an inflection occurs at 
Dtp/d^ Onur-I to a proxiratoly 22.5® ^ftor a very slight increase, 
begins its doxni??ard trend again at eiual to about 2C.0. 

Over the rango of from 20.0 to 25.0, can bo considerod 

constant (15. 000 — fio ^100,000) • 

3* indopondonce of with L/d. can bo extended to values of 

« V 

greater than those tested but not to I/d^ values less than 
those tested. 

6. The plastic tubing. ^Jesooiita*^, was found to be quite 
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satidfactory for una in o^perinxDntG of thin type if caution is 
used to \ari expansion within nl liable linitc. 

7* ranro of rou'::IinesseG teotad in t'^is otudy '»7n3 not 
£T©Pt; eno’oeh to establish .the dopondenoe of vrlth r/d^. 
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of the 7ol. 66, 'lovoi.'iber , i^V * PF® 671-63^^. 

2c irJG~-lZJ, :ic J. and GAFF07t3, . , 'li^dra Jiiics , rev. edito, 

FacFAllan, 1 J 26 . 

3* A. F., ’'Proceedings Institute of 3ivil .logineers^, 

7ol. 169 * ppo 315 scqr 
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